Interaction of hydrogen with Al acceptors in SiC is investigated using low-temperature photoluminescence ͑PL͒ spectroscopy. Hydrogenation is performed in hydrogen plasma using a standard inductively coupled plasma etching system. Appearance of H-related PL peaks after hydrogenation is accompanied with a significant reduction in relative intensity of Al bound exciton ͑Al-BE͒ PL. A gradual quenching of the remaining Al-BE photoluminescence is observed in hydrogenated samples under excitation with above band gap light, resulting in a complete disappearance of Al-BE PL emission. High-temperature annealing completely restores the shape of the PL spectrum to its prehydrogenation form. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1391403͔
The mechanisms of hydrogen interaction with donors and acceptors in SiC are being extensively investigated in relation to doping control in manufacturing of SiC electronic devices for high-power and high-frequency applications. Hydrogen has been shown to electrically passivate acceptors in 4H-and 6H-SiC as determined by capacitance-voltage (C -V) doping profiling.
1,2 Results of thermal admittance spectroscopy measurements have shown that hydrogen can form complexes with both Al and B acceptors.
3 Passivation of donors and acceptors has also been confirmed by electron spin resonance measurements. 4 However, the physical nature of the complexes that hydrogen forms with Al and B as well as the stabilities of the complexes and their formation efficiencies are not clear at the present moment, which dictates a need for further research in this direction.
The photoluminescence ͑PL͒ technique has played an important role in investigating hydrogen-related phenomena in SiC. 2, 5 In previous studies, hydrogen incorporation and outdiffusion were investigated by observing a PL emission attributed to a hydrogen-vacancy complex. However, there were no successful attempts to correlate hydrogen-related processes in SiC with changes in acceptor-related photoluminescence. In this work, we monitor changes in both hydrogen PL lines and Al-related photoluminescence that occur during hydrogen incorporation and Al acceptor passivation. Special attention is paid in this work to the observation of an aluminum bound exciton ͑Al-BE͒ photoluminescence transient stimulated by light excitation in hydrogenated samples.
The investigated samples were 6 -8-m-thick Al doped p-type 6H-SiC epitaxial layers with net doping concentration in the range from 1ϫ10 16 cm Ϫ3 to 8ϫ10 16 cm Ϫ3 and grown on 6H-SiC substrates using atmospheric pressure chemical vapor deposition. Net carrier concentration was measured by the C -V technique using a mercury probe.
The epitaxial layers were subjected to a hydrogen plasma ͑1000 W microwave power, 50 mTorr pressure͒ for 1 h in a commercial inductively coupled plasma etching system 9400 from Lam Research. The sample temperature during hydrogen plasma exposure was estimated to be about 500°C. In order to investigate changes in PL spectrum due to acceptor reactivation and hydrogen outdiffusion, hydrogenated epitaxial layers were subjected to high temperature anneal in argon at temperatures of up to 1100°C. A Spectra Physics Beamlock 2085 Series Ion Arϩ laser line of 301 nm wavelength was used as a PL excitation source. The laser beam was moderately focused to promote excitonic emission. PL spectra were detected using a SPEX 500M grating spectrometer coupled with a Hamamatsu R928 multialkali photomultiplier tube operating in photon counting mode. For low temperature PL measurements samples were mounted on the cold finger of a variable temperature liquid He closed cycle cryostat operating in the temperature range between 6.5 and 350 K.
A typical PL spectrum of a p-type 6H-SiC epitaxial layer is shown in Fig. 1͑a͒ . Different nitrogen bound exciton ͑N-BE͒ PL lines and their phonon replicas can be observed. R 0 and S 0 . The Al-BE PL line ͑4A͒ is also very strong indicating a substantial concentration of Al acceptors. 7 No hydrogen-related PL lines could be detected in these samples after epitaxial growth.
A PL spectrum for the same epitaxial layer subjected to plasma hydrogenation for 1 h is shown in Fig. 1͑b͒ . Two differences between hydrogenated and nonhydrogenated samples can be observed. First of all, a number of hydrogenrelated peaks that were absent in the initial spectrum can be observed after hydrogenation. The strongest of them-H 3 and H 5 BE lines, 5 and a line similar to BH 0 PL peak previously observed after coimplantation with boron and hydrogen 8 -are marked in the figure. In addition, replicas due to the C-H stretch labeled as H 2 c-s and H 3 c-s appeared in the spectrum of the hydrogenated sample as shown in the inset to Fig. 1 .
Second of all, a strong reduction in the intensity of Al-BE occurred as a result of hydrogenation ͓Fig. 1͑b͔͒. The ratio of the 4A peak to the S 0 N-BE peak after hydrogenation was more than five times smaller than that in the asgrown samples.
It was also noticed that the intensity of Al-BE PL in the hydrogenated sample changes with time during the measurements. Figure 2 shows an initial spectrum after hydrogenation ͓Fig. 2͑a͔͒ and a spectrum from the same location on the sample after 40 min of exposure to the laser beam that was used for PL excitation ͓Fig. 2͑b͔͒. Prolonged excitation with above band gap light caused a gradual reduction and finally a complete disappearance of Al-BE emission, which was accompanied with a slight increase of R 0 ϩS 0 N-BE photoluminescence as shown in Fig. 2͑b͒ . The kinetics of quenching of Al-BE PL is shown in the inset to Fig. 2 . No changes in Al-BE PL occurred in the absence of high intensity above band gap light, confirming that quenching is due to the optical excitation.
Possible changes in the intensity of hydrogen-related PL peaks under laser beam excitation were also investigated. Changes in intensity of the H 3 hydrogen PL line were much less significant under conditions of a fast quenching of Al-BE PL at a given excitation in comparison to what was observed in the experiments on metastability of a hydrogenrelated defect reported in Ref. 9 . However, it was noticed that under some favorable conditions the earlier reported metastability can also be pronounced in our samples. A relationship between the quenching of Al-BE and the metastability of a hydrogen-related defects will be presented in a future work. After nearly complete quenching of the Al-BE PL peak, the samples were annealed at room temperature as well as at 330 K for more than one hour to see if the changes in Al-BE PL intensity stimulated by light excitation are of a metastable nature. No recovery of Al-BE after the annealing was observed. The moderate temperature annealing did cause some noticeable changes in the intensity of hydrogen photoluminescence lines though, detailed investigation of which will be reported in the future.
Finally, the hydrogenated samples were subjected to high-temperature annealing at 1100°C, which is known to reactivate Al acceptors in 6H-SiC and to cause hydrogen outdiffusion from epitaxial layers.
1,2 In our experiments, this annealing step caused complete recovery of the Al-BE PL to the value that it had before hydrogenation. The hydrogenrelated PL lines completely disappeared after the annealing. No light-induced quenching of the Al-BE PL was observed any more after the 1100°C anneal, as was the case in the samples before hydrogenation.
An efficient incorporation of hydrogen in 6H-SiC epitaxial layers during plasma hydrogenation is confirmed by the appearance of hydrogen-related PL lines in the lowtemperature PL spectrum. Also, hydrogen penetration into the material leads to a few times reduction of the Al-related photoluminescence ͑4A Al-BE͒. This is consistent with what is known about hydrogen's ability to passivate Al acceptors in SiC. 1, 3, 4 The fact that some Al-BE PL still can be observed after hydrogenation is an indication of incomplete passivation of Al acceptors, which was also observed for the case of SiC hydrogenation using ion implantation.
3
A gradual quenching of the Al-BE PL peak that remained after hydrogenation is an indication of an additional gradual passivation of Al acceptors with hydrogen stimulated by above band gap light. We consider two possibilities. First of all, it is not unusual for some amount of non-paired hydrogen to be present in a semiconductor following hydrogenation while there is a substantial number of as-yet nonpassivated defects. 10 By stimulating hydrogen redistribution by annealing-induced diffusion, an additional passivation of nonpassivated centers generally can be achieved. 11 However, this process would be diffusion limited and is impossible under such low temperatures even by strong light excitation from the focused laser beam. We tentatively explain graduate quenching of Al-BE photoluminescence by proposing a second possibility, namely, the existence of at least two different complexes that hydrogen may form with Al acceptors. While the majority of Al acceptors are completely passivated and cannot participate in Al-BE emission, some of them may possibly form another less stable complex with hydrogen atoms. We speculate that the optical activity of Al BE is not changed if Al forms this second ''intermediate'' complex with hydrogen, which is why some Al-BE PL can still be observed. A transition from the intermediate to the ''completely passivated'' complex stimulated by the well-known recombination enhanced defect reaction process during light excitation 12 could be responsible for the observed quenching of Al-related photoluminescence. In addition, in this case progressively less Al would become available to participate in N-Al donor-acceptor pairs ͑DAP͒ transitions, which would result in more nitrogen atoms participating in N-BE PL emission. This could explain simultaneous gradual increase in the intensity of R 0 and S 0 N-BE lines, which accompanied the quenching of Al-BE PL. An analysis of the N-Al DAP part of the PL spectrum of hydrogenated SiC samples will be presented in a future work.
In summary, PL measurements confirmed the passivation of Al acceptors with hydrogen during plasma hydrogenation. The persistence of a weak Al-BE PL after hydrogenation is an indication that the passivation is not complete. The observation of the Al-BE photoluminescence quenching under light excitation is attributed to an additional passivation of Al acceptors. The existence of multiple Al-H complexes suggested by this work may be one of the factors influencing the efficiency of Al passivation during hydrogenation. Additional research will be required to correlate the observed phenomenon with possible changes in the net free carrier concentration.
